In order to gain insight into immunoglobulin (Ig) and T cell receptor (TCR) gene rearrangements in adult acute lymphoblastic leukemia (ALL), we studied 48 adult patients: 26 with precursor-B-ALL and 22 with T-ALL. Southern blotting (SB) with multiple DNA probes for the IGH, IGK, TCRB, TCRG, TCRD and TAL1 loci revealed rearrangement patterns largely comparable to pediatric ALL, but several differences were found for precursor-B-ALL patients. Firstly, adult patients showed a lower level of oligoclonality in the IGH gene locus (five out of 26 patients; 19%) despite a comparable incidence of IGH gene rearrangements (24 out of 26 patients; 92%). Secondly, all detected IGK gene deletions (n = 12) concerned rearrangements of the kappa deleting element (Kde) to V gene segments, which represent two-thirds of the Kde rearrangements in pediatric precursor-B-ALL and only half of the Kde rearrangements in mature B cell leukemias. Thirdly, a striking predominance of immature D␦2-D␦3 cross-lineage recombinations was observed (seven out of 16 TCRD rearrangements; 44%), whereas more mature V␦2-D␦3 gene rearrangements occurred less frequently (six out of 16 TCRD rearrangements; 38% vs Ͼ70% in pediatric precursor-B-ALL). Together these data suggest that the Ig/TCR genotype of precursor-B-ALL is more immature and more stable in adults than in children. We also evaluated whether heteroduplex analysis of polymerase chain reaction (PCR) products of rearranged Ig and TCR genes can be used for identification of molecular targets for minimal residual disease (MRD) detection. Using five of the major gene targets (IGH, IGK, TCRG, TCRD and TAL1 deletion), we compared the SB data and heteroduplex PCR results. High concordance between the two methods ranging from 96 to 100% was found for IGK, TCRG and TAL1 genes. The concordance was lower for IGH (70%) and TCRD genes (90%), which may be explained by incomplete or 'atypical' rearrangements or by translocations detectable only by SB. Finally, the heteroduplex PCR data indicate, that MRD monitoring is possible in almost 90% of adult precursor-B-ALL and Ͼ95% of adult T-ALL patients.
Introduction
Recent advances in molecular biological and cytogenetic analysis of acute lymphoblastic leukemia (ALL) have revealed great heterogeneity within the disease. 1, 2 Based on the biological features of the leukemic clone, it is possible to predict the clinical aggressiveness of the malignant process and to select a treatment strategy in several subtypes. In contrast to pediatric ALL with long-term event-free survival in more than 70% of patients, adult ALL is not associated with such a favorable prognosis. 3, 4 Some factors responsible for this difference have been characterized, namely advanced age and hyperleukocytosis at presentation, higher frequency of more immature B or T lineage phenotypes, lack of TEL gene rearrangements, and the relatively high frequency of the Ph 1 translocation t (9;22) , that is found in 30% of adult precursor-B-ALL patients. 3, 5 So far, information about the immunogenotype of adult ALL is sparse and is usually derived from studies involving both adult and childhood patients. 2, 6, 7 This information is determined by analyzing the configuration of immunoglobulin (Ig) and T cell receptor (TCR) genes, generally by means of Southern blotting (SB). 8 SB of Ig and TCR gene rearrangements is a very reliable technique for clonality assessment in suspect lymphoproliferations, with a sensitivity of 1-5%. 8 It is considered to be the gold standard for this type of diagnostics. [8] [9] [10] However, SB is time-consuming, laborious and relatively expensive, limiting its applicability to specialized molecular laboratories. During the last decade polymerase chain reaction (PCR) techniques have proven to be extremely useful in molecular diagnostics. PCR analysis is also successfully applied for clonality assessment based on the analysis of Ig and TCR gene recombinations. [11] [12] [13] [14] However, due to the sensitivity of PCR methods, gene rearrangements in normal lymphocytes are also amplified, generally resulting in PCR products detectable in agarose or polyacrylamide gels. In order to distinguish between monoclonality and polyclonality, additional analysis of PCR products is necessary by means of denaturing gradient gel electrophoresis, fingerprinting technique, gene scanning analysis, or direct sequencing; these techniques require special equipment and/or radioactivity facilities. [15] [16] [17] [18] [19] Heteroduplex analysis of PCR-amplified junctional regions of Ig and TCR genes was found to be a cheap, non-radioactive, and easy alternative approach leading to reliable detection of clonal lymphoid cell populations in a polyclonal background. [20] [21] [22] In order to determine the configuration of the Ig and TCR genes in adult ALL, we performed SB analysis on a series of 48 cases with an extensive set of DNA probes. Using the SB results as a reference, heteroduplex PCR analysis was evaluated for clonality assessment in this series of adult ALL. This PCR approach is especially important for rapid and easy identification of Ig and TCR gene rearrangements as PCR targets for sensitive monitoring of minimal residual disease (MRD).
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Materials and methods
Cell samples
Cell samples were obtained from 48 newly identified adult ALL patients enrolled in the HOVON-18 study in four centers (University Hospital Rotterdam, Free University Hospital Amsterdam, University Hospital Leuven and University Hospital Utrecht). This concerned 15 female patients and 33 male patients with a mean age of 33 years (range 15-61 years). The precursor-B or T lineage of the ALL samples was determined by flow cytometric immunophenotyping, based on standard criteria, using a wide panel of monoclonal antibodies. 26, 27 Mononuclear cells (MNC) were isolated from peripheral blood (PB) or bone marrow (BM) by Ficoll-Paque (density: 1.077 g/ml; Pharmacia, Uppsala, Sweden) density centrifugation. Some of the cell samples were frozen and stored in liquid nitrogen.
Southern blot analysis
DNA was isolated from fresh or frozen MNC fractions as described previously. 8 Fifteen micrograms of DNA were digested with the appropriate restriction enzymes (Pharmacia), size-separated in 0.7% agarose gels and transferred to Nytran-13N nylon membranes (Schleicher and Schuell, Dassel, Germany) as described. 8 Ig heavy chain (IGH) and Ig kappa light chain (IGK) gene configurations were analyzed with the IGHJ6, IGKJ5, IGKC and IGKDE probes (DAKO Corporation, Carpinteria, CA, USA) in BglII and BamHI/HindIII digests. 28, 29 Incomplete and complete TCR beta (TCRB) gene rearrangements were detected with TCRBD1U, TCRBD1, TCRBJ1, TCRBD2U, TCRBD2, TCRBJ2 and TCRBC probes (Langerak et al, manuscript in preparation, DAKO Corporation) in EcoRI and HindIII digests. TCR gamma (TCRG) gene rearrangements were analyzed with the J␥1.2 probe in BglII digests and the J␥1.3 and J␥2.1 probes in EcoRI digests. 8, 30, 31 The configuration of the TCR delta (TCRD) genes was analyzed with the TCRDV2, TCRDD2, TCRDJ1, TCRDJ2, TCRDJ3, TCRDRE and TCRAPJ probes (DAKO Corporation) in BglII, EcoRI and HindIII digests. 32 The TAL1 gene was screened by means of the SILDB probe in BglII, HindIII and EcoRI digests. 33 
PCR amplification
PCR was essentially performed as described previously. 34 In each 100 l PCR reaction 0.1 g DNA sample, 12.5 pmol of the 5Ј and 3Ј oligonucleotide primers, and 1 U Taq polymerase (Perkin-Elmer Cetus, Norwalk, CT, USA) were used. The sequences of the majority of oligonucleotides used for amplification of IGH, IGK (kappa deleting element; Kde), TCRG, TCRD and TAL1 gene rearrangements were published before. 33, [35] [36] [37] Some of the primers were newly designed during the BIOMED-1 Concerted Action 'Investigation of minimal residual disease in acute leukemia: international standardization and clinical evaluation' (Pongers-Willemse et al, manuscript in preparation). All primers were synthesized on an ABI 392 DNA synthesizer (Applied Biosystems, Foster City, CA, USA) using the solid-phase phosphotriester method. PCR conditions were 1 min at 94°C, 1 min at 55°to 60°C, and 2 min at 72°C for 30 to 35 cycles using a Perkin-Elmer thermal cycler (Perkin-Elmer Cetus). After the last cycle an additional extension step of 7 min at 72°C was performed. Appropriate positive and negative controls were included.
Heteroduplex analysis of PCR products
For heteroduplex analysis, the PCR products were denatured at 94°C for 5 min after the final cycle of amplification and subsequently cooled to 4°C for 60 min to induce duplex formation. 22 After duplex formation the hetero-and/or homoduplexes were immediately loaded on 6% non-denaturing polyacrylamide gels in 0.5 × Tris-Boric acid-EDTA (TBE) buffer, run at room temperature, and visualized by ethidium bromide staining. PstI-digested lambda DNA was used as a size marker. Both SB and heteroduplex analysis of PCR products were performed in parallel in a double-blind manner. Concordance between the two methods was calculated assuming that the following gene configurations concerned the same alleles: rearranged band in SB = presence of clonal homoduplex in PCR; germline band and/or deletion in SB = no clonal PCR product.
Results
Patients
A total of 48 adult ALL patients enrolled in the HOVON-18 study were analyzed for Ig and TCR gene rearrangements as well as for the presence of TAL1 gene deletion. This concerned 26 precursor-B-ALL and 22 T-ALL.
SB analysis of IGH gene rearrangements
DNA samples from 47 adult ALL patients were examined for the presence of IGH gene rearrangements ( Figure 1 ). In the total group of 26 precursor-B-ALL patients, IGH gene recombination was detected in 24 cases (92%) ( Table 1) , while the remaining two cases revealed a germline configuration. In four precursor-B-ALL patients (15%) more than two rearrangements were found. Obvious differences in density of two or more rearranged bands, suggesting the presence of subclones, were observed in five precursor-B-ALL patients (19%). In one patient three rearranged bands of comparable density were demonstrated (Figure 1 ), suggesting trisomy 14 but cytogenetic analysis was inconclusive. Additionally, IGH gene rearrangements on one or even both alleles were found in five of the 21 tested T-ALL patients (24% of cases) ( Table 1 ).
SB analysis of IGK gene rearrangements
Forty-six percent (12 out of 26) of precursor-B-ALL patients contained rearranged IGK genes. Four patients (15%) demonstrated V to J rearrangements ( Table 1 ). The deletional Kde rearrangements (n = 12) exclusively involved V genes and were found in nine patients (35%) ( Table 1) . No deletional rearrangements of Kde to the recombination signal sequence in the J-C intron (intron RSS) were found. 29 IGK gene rearrangements were not detected in any of the 21 T-ALL patients studied (Table 1) . 
SB analysis of TCRB gene rearrangements
Using our well-defined TCRBD1U, TCRBD1, TCRBJ1, TCRBD2U, TCRBD2, TCRBJ2 and TCRBC probes, it was possible to distinguish between complete V␤-J␤ and incomplete D␤-J␤ rearrangements in the ␤ 1 and ␤ 2 regions. Eighteen T-ALL patients (82%) had rearranged TCRB genes (Table 1 ). Allelic frequencies of the different types of TCRB recombinations are summarized in Table 2 . Predominance of TCRB2 rearrangements was characteristic for T-ALL ('TCRB2/TCRB1 ratio' of 2.7:1). More than half (61%) of the detected TCRB rearrangements in T-ALL concerned complete V␤-J␤ recombinations (Table 2) .
Cross-lineage TCRB gene rearrangements were found in seven (27%) precursor-B-ALL (Table 1) . These were all restricted to the TCRB2 locus; no rearrangements were detected with the TCRB1 region probes (Table 2 ).
SB analysis of TCRG gene rearrangements
Eighty-six percent (19 out of 22 cases) of T-ALL patients were found to have rearranged TCRG genes (Table 1) , predominantly on both alleles (77%). In the vast majority V gene segments of the V␥I family were found to be rearranged to J␥1.3 or J␥2.3 gene segments ( Figure 2 and Table 3 ). Only two T-ALL patients were found to have rearrangements to J␥1.1 or J␥2.1 gene segments, while in a single case a clonal V␥9-J␥1.2 rearrangement was discovered. In one patient three rearranged bands of comparable density were demonstrated, Figure 1 (a) SB analysis of the IGH genes in several adult precursor-B-ALL and one T-ALL. Control DNA and DNA from ALL samples were digested with BglII, size separated, and blotted onto nylon membrane filters, which were hybridized with the 32 P-labeled IGHJ6 probe. The sizes (in kb) of the molecular weight marker are indicated. In all presented precursor-B-ALL cases at least one IGH gene rearrangement was detected, while the single T-ALL case (96-116) revealed a germline configuration. In one precursor-B-ALL patient (96-117) three rearranged bands of comparable density were demonstrated, suggesting trisomy 14. (b) Heteroduplex PCR analysis for three patients showing the results with V H family primers for the three most commonly used V H families and a J H consensus primer. Samples showing positivity on an agarose gel were subsequently subjected to heteroduplex PCR analysis. In patients 96-118 and 96-126 one clonal V H 3-J H homoduplex was found whereas SB showed biallelec rearrangements. In patient 96-128 the monoclonal V H 3-J H homoduplex corresponded to the monoallelic rearrangement as detected by SB. The number of rearrangements is higher than the number of rearranged alleles, because of the incidental occurrence of rearrangements in the ␤1 region as well as the ␤2 region of the same allele and/or because of subclones. suggesting trisomy 7. Allelic frequencies of TCRG gene rearrangements are shown in detail in Table 3 .
Cross-lineage TCRG recombinations were discovered in 58% of precursor-B-ALL (Table 1) , and in two patients this was associated with TCRG gene deletion on one allele. Similarly to T-ALL, rearrangements to J␥1.3 or J␥2.3 gene segments predominated, being demonstrated in 15 patients on 19 alleles, while J␥1.1 or J␥2.1 rearrangements were found on only three alleles (Table 3) . SB analysis of TCRD gene rearrangements TCRD gene rearrangements and/or deletions were observed in 21 out of 22 T-ALL patients studied. In 15 patients (68%) a rearranged TCRD gene was found on at least one allele ( Figure  3 and Table 1 ). TCRD deletion of at least one allele occurred in 12 patients. Only one T-ALL patient had both TCRD alleles in germline configuration. This patient also had germline TCRB and TCRG genes. Precise frequencies of different TCRD gene rearrangements are summarized in Table 4 .
In 12 out of 26 patients (46%) with precursor-B-ALL TCRD rearrangements were found (Table 1 ). In 13 patients (50%) TCRD genes were deleted on one or both alleles. All SB identifiable TCRD rearrangements were incomplete V␦2-D␦3 or D␦2-D␦3 recombinations (Table 4 ). In three precursor-B-ALL patients (12%) weak rearranged bands were observed suggesting the presence of subclones in these cases (Figure 4) . Thirtyone percent of precursor-B-ALL patients were found to have the TCRD genes in germline configuration on both alleles.
SB analysis of TAL1 gene rearrangements
All ALL patients were tested for the presence of TAL1 rearrangements using the SILDB probe. A typical type 1 TAL1 deletion, resulting from fusion of sildb and tal1db breakpoints, was discovered in two T-ALL patients (Table 1) . Both TCRD Comparison of SB and heteroduplex PCR analysis of Ig, TCR and TAL1 genes DNA-based PCR amplification was simultaneously performed in a double blind manner for several of the Ig and TCR genes studied by SB analysis. Clonal V H -J H rearrangements were found by heteroduplex PCR analysis in 17 out of 25 analyzed precursor-B-ALL patients and in a single T-ALL patient (Figure Table 4 Allelic frequencies of particular TCRD gene rearrangements in adult ALL as detected by SB analysis
TCRD gene
Precursor-B-ALL T-ALL configuration (n = 26 patients, (n = 22 patients, 52 alleles) (%) 44 alleles) (%) 
Figure 4
Clonality assessment via SB analysis and heteroduplex PCR analysis of TCRD genes in two precursor-B-ALL patients. (a and b) DNA was digested with BglII and EcoRI. The filters were hybridized with the 32 P-labeled TCRDJ1 probe and a monoallelic V␦2-D␦3 rearrangement was found in both patients. Additional weak rearranged bands were found in patient 96-111 (marked as *). (c) Heteroduplex PCR analysis with a V␦2 primer in combination with a D␦3 primer showed a monoclonal rearrangement in patient 96-110 and an oligoclonal rearrangement pattern in patient 96-111 (as evidenced from the presence of several homo-and heteroduplexes). ss, Single-strand fragments; he, heteroduplexes; ho, homoduplexes. 1). In contrast to 49 rearranged alleles found by classical SB, heteroduplex PCR analysis revealed 27 monoclonal products assumed to be derived from those alleles (Table 5 ). Using V family-specific primers and a Kde primer it was possible to amplify V-Kde rearrangements in the eight precursor-B-ALL patients, which were also detected by means of SB. In contrast to 12 rearranged alleles found by SB, heteroduplex PCR analysis resulted in clonal products in 10 out of these 12 alleles a Concordance between SB analysis and heteroduplex PCR analysis was calculated assuming that the following gene configurations concerned the same alleles: rearranged band in SB = presence of clonal (homoduplex) PCR product; germline band and/or deletion in SB = no clonal PCR product. The numbers and percentages in brackets express concordance between the two methods when weak rearranged SB bands (most probably derived from subclones) were included. b Including one precursor-B-ALL patient with a single PCR product of low intensity. c Including two precursor-B-ALL patients with oligoclonal V␦2-D␦3 rearrangements in heteroduplex PCR analysis.
( Table 5 ). PCR analysis of the TCRG genes revealed all except one rearrangement detected by the SB technique as well as three additional recombinations, all of them involving J␥1.1 or J␥2.1 gene segments (Table 5) . Except for the presumed V␦3-J␦1 and V␦6-J␦2 rearrangements and 10 unidentified rearrangements to J␦1, all DNA samples that were found to contain clonal TCRD rearrangements with SB also revealed clonal PCR products ( Figure 3 and Table 5 ). However, in contrast to the SB results, two precursor-B-ALL patients were found to have an oligoclonal pattern of V␦2-D␦3 rearrangements by heteroduplex PCR analysis (as exemplified in Figure  4 ). In concordance with the SB results, TAL1 deletion PCR products were observed in both T-ALL patients (Table 5 ).
Discussion
The samples of leukemic cells from 48 adult ALL patients were analyzed for the configuration of Ig and TCR genes. Based on SB results IGH gene recombinations were detected in 92% of precursor-B-ALL patients, most of them (ෂ80%) having two rearranged alleles. This is comparable to childhood ALL. 38, 39 Germline IGH genes were found in two patients, probably reflecting malignant transformation of a very early B cell precursor. Multiple rearranged bands were found in only 19% of cases, which is essentially lower than the 30-45% observed in childhood ALL. 39, 40 Similarly to childhood precursor-B-ALL, IGK gene rearrangements were found in 46% of adult patients. 29 However, Kde rearrangements to intron RSS were not found in any of our adult ALL cases, although they comprise 31% of Kde rearrangements in childhood precursor-B-ALL and 54% of Kde rearrangements in chronic B cell leukemias. 29, 37 These differences in Ig gene rearrangement patterns might reflect biological differences between adult and childhood ALL, with adult precursor-B-ALL showing a tendency towards a more immature and stable genotype.
Analysis of TCR gene rearrangements in adult ALL revealed configurations comparable to those previously discovered for childhood ALl patients. 25, 41, 42 Nevertheless, several discrepancies were found considering cross-lineage TCRD gene rearrangements in precursor-B-ALL. First of all, complete germline TCR gene patterns were found in 19% of adult precursor-B-ALL patients, which was mainly caused by a lower incidence of TCRD deletions (35%) as compared to childhood ALL (45%). 32 In addition, incomplete D␦2-D␦3 rearrangements occurred most frequently, comprising approximately 45% of the TCRD recombinations, followed by the more mature V␦2-D␦3 rearrangements (38%). The latter rearrangement was found to be dominant in childhood precursor-B-ALL, comprising Ͼ70% of the rearrangements, while D␦2-D␦3 occurred in only 10% of the TCRD gene rearrangements. 32, 43, 44 Furthermore, heteroduplex PCR analysis demonstrated that three out of six V␦2-D␦3 rearrangements were derived from minor subclones. This phenomenon was previously reported in some cases of pediatric ALL. 44, 45 Taken together, these data suggest that adult ALL has a more immature genotype as compared to pediatric ALL.
Southern blotting is considered to be the gold standard for clonality diagnostics. However, this technique is laborious, time consuming, relatively expensive, and requires large amounts of high quality DNA. This generally limits the applicability of the method to more specialized laboratories. PCR techniques offer good alternatives, as they are more rapid, less expensive, and require only small amounts of DNA. However, due to the enormous sensitivity, false-positive results might be obtained, if monoclonal PCR products cannot be distinguished from the background signals resulting from similar gene rearrangements in normal polyclonal lymphocytes. Heteroduplex analysis of PCR products was shown to be an effective procedure for such discrimination between monoclonal and polyclonal rearrangements. 22 Comparison of SB analysis and heteroduplex PCR analysis of IGK (Kde), TCRG, TCRD and TAL1 gene rearrangements showed a high concordance (Ͼ90%) between the two techniques. In four cases (two VKde, one presumed V␦3-J␦1 and one presumed V␦6-J␦2 recombination) no clonal PCR products were obtained repeatedly. Unusual gene recombinations resulting in restriction fragments of comparable size on SB and/or extensive deletions of nucleotides in junctional regions might explain these negative PCR results. Ten rearrangements to J␦1 as detected by SB could not be assigned to a particular V␦-J␦ joining based on the sizes of clonal bands. 32 In those cases no clonal products were found with the applied TCRD primer sets. These rearrangements might therefore reflect V␣-J␦1 rearrangements or translocations into the TCRD locus. In contrast, three additional rearrangements to J␥1.1/2.1 were detected with the heteroduplex PCR technique as compared to SB analysis. These additional positive PCR results may be the consequence of the low sensitivity of the currently used J␥2.1 SB probe. Furthermore, in two precursor-B-ALL patients with 'clonal V␦2-D␦3 bands' on SB analysis, heteroduplex PCR analysis revealed an oligoclonal pattern. Homoduplexes representing V H -J H rearrangements were found on only 27 alleles in contrast to 49 clonal bands detected by SB with the IGHJ6 probe. The overall concordance between SB and heteroduplex PCR analysis for IGH reached only 71%. Rearrangements not identified by PCR may include incomplete D H -J H recombinations or translocations to the J H region. 46 The overall results indicate that heteroduplex PCR analysis is an effective, rapid, and reliable approach for Ig and TCR gene rearrangement studies in ALL. However, particular rearrangements like biallelic TCRD deletions or atypical rearrangements (eg V␣-J␦1, Table 6 Frequencies of Ig and TCR gene rearrangements in adult ALL, which can be used for PCR-based MRD detection Based on clonal Ig and TCR gene rearrangements identified at diagnosis, it is possible to monitor MRD by use of PCR analysis in most adult ALL patients (Table 6 ). Heteroduplex PCR analysis revealed at least one patient-specific MRD-PCR target in 95% of T-ALL and almost 90% of precursor-B-ALL. Monitoring with two MRD-PCR targets would be possible for Ͼ75% of precursor-B-ALL and 86% of T-ALL cases.
In conclusion, our data indicate a largely comparable pattern of Ig and TCR gene rearrangements between adult ALL and pediatric patients. However, the lower frequency of oligoclonal IGH gene rearrangements, the absence of intron RSSKde rearrangements, the higher frequency of germline TCRD genes and incomplete D␦2-D␦3 rearrangements, and the lower frequency of TCRD deletions were characteristic for adult precursor-B-ALL patients as compared to childhood precursor-B-ALL, suggesting a more immature genotype in adults. Furthermore, our results show that the genotype of malignant cells can be studied reliably by means of both SB and heteroduplex PCR analysis, because these techniques give highly comparable results in ALL. Finally, identification of clonally rearranged Ig and/or TCR genes as molecular targets for PCRbased MRD monitoring is possible in almost 90% of precursor-B-ALL and 95% of T-ALL in adults.
